The simultaneous oxidation of malate and of glycine was investigated in pea (Pisum sativum) leaf mitochondria. Adding malate to state 4 glycine oxidation did not inhibit, and under some conditions stimulated, glycine oxidation. State 4 oxygen uptake with glycine is restricted because of the control exerted by the membrane potential but reoxidation of NADH by oxaloacetate reduction can still occur. Thus, malate addition stimulates glycine metabolism by producing oxaloacetate. The malate dehydrogenase (EC 1.1.1.37) enzyme fraction remote from glycine decarboxylase (EC 2.1.2.10) oxidizes malate whereas that closely associated with it produces malate, i.e. they function in opposite directions. It to cope with both the large amount of NADH produced by glycine decarboxylase and the concomitant contribution of reducing equivalents from the TCA4 cycle which also appears to be operational in leaf mitochondria in the light (1 1 
The operation of the photorespiratory pathway in green leaf cells has important implications for mitochondrial metabolism. Current estimates of photorespiratory flux in C3 plants are in the range 25 to 35% (11) of net photosynthesis and the production of NADH from photorespiratory glycine oxidation may exceed that produced by the TCA cycle during normal dark respiration. There is increasing evidence that the mitochondrial respiratory chain is operative in the light and may have a significant role in cellular ATP production (15) . It is likely, therefore, that a significant proportion of the NADH produced from photorespiratory glycine oxidation will be reoxidized via the respiratory chain. However, it is doubtful whether the respiratory chain has sufficient capacity ' to cope with both the large amount of NADH produced by glycine decarboxylase and the concomitant contribution of reducing equivalents from the TCA4 cycle which also appears to be operational in leaf mitochondria in the light (1 1) . Some of the NADH produced during glycine oxidation could be exported to the peroxisome, most probably via an OAA/malate shuttle (12, 13) , to support hydroxypyruvate reduction. However, the potential simultaneous operation of both the TCA cycle and the OAA/malate shuttle, in leaf mitochondria during the operation of the photorespiratory cycle, would appear to pose an insurmountable problem for mitochondrial metabolism. How can both processes occur simultaneously when each requires the key matrix enzyme, MDH, to be operating in the opposite direction, i.e. oxidation of [20] ) and 0.21 mm NADH. OAA efflux was initiated by the addition of 10 mM malate. Oxidation-reduction levels of intramitochondrial NAD(H) were measured fluorometrically as previously described (4).
Chl was determined by the method of Arnon (1) . Protein was determined by the method of Lowry et al. (17) using BSA as the standard. Mitochondrial protein was corrected for the contribution by broken thylakoids by assuming a thylakoid protein/Chl ratio of 6.9:1 (20) .
RESULTS AND DISCUSSION
It is well established that the state 3 and state 4 oxidation rates of leafmitochondria, at pH 7.2 in the presence ofglycine and a second NAD-linked substrate, i.e. malate or pyruvate, are less than the sum of the individual oxidation rates with these substrates (3, 7, 9, 10, 25) , suggesting that the respective dehydrogenases compete for access to the respiratory chain. Under such conditions glycine is thought to be preferentially oxidized at the expense of the other TCA cycle substrates (3, 7, 9) . However, the results of Figure 1 illustrate that the same experiment when carried out at pH 7.8, yields the opposite result. That is, state 4 oxidation rates in the presence of both glycine and malate are significantly higher than that predicted from the addition of the two individual oxidation rates (cf. Malate oxidation at pH 7.8 is essentially due to the operation of malate dehydrogenase (18, 24) and the accumulation of OAA severely restricts the rate of malate-dependent 02 uptake unless it can be removed by transamination with glutamate via aspartate aminotransferase (Fig. 1B) . The observation that the state 4 respiration rate of glycine in the presence of malate, is similar to that ofglycine in the presence of glutamate and malate (cef Fig. 1, A and B) , also suggests that glycine decarboxylase may be acting not only to increase rates of electron flow via the respiratory chain, but may also be supporting the operation of an OAA removal system, thereby maintaining maximal rates of malate oxidation similar to that achieved in the presence of glutamate. This is clearly demonstrated by the dramatic increase in glycine decarboxylase activity (as estimated directly by NH3 production) on addition of malate to glycine (cef Fig. 1, C and D) and by the lag before NADH fluorescence and oxygen uptake increase on addition of glycine to malate (Fig. 2) . Thus, under state 4 conditions, glycine oxidation is limited by the membrane potential restricting electron flow via the respiratory chain and leading to an accumulation of NADH. In the presence of malate at pH 7.8, however, NADH generated by glycine oxidation can be reoxidized not only via the respiratory chain but also via a reversal of MDH in the presence of OAA. This results not only in a stimulation of glycine decarboxylase activity (as shown by the increase in NH3 release), but also in a concomitant increase in NADH production by MDH and, therefore, malate-dependent 02 uptake (Fig. IC) .
A summary of the results of experiments similar to those shown in Figure 1 but obtained with five separate mitochondrial preparations, is given in Table I . The maintenance of the theoretical NH3:02 stoichiometry for glycine oxidation (i.e. 2:1), even in the presence of malate, indicates that virtually all of the OAA produced by MDH under these conditions, is being recycled back to malate via glycine-dependent NADH-production.
The direct involvement of OAA recycling in this phenomenon is also well demonstrated by a consideration of the results of this same experiment when carried out at pH 6.8. At this more acidic pH, malate oxidation is predominately due to malic enzyme (18) and is therefore less dependent on the removal of OAA for the maintenance of rapid state 4 rates (see Table I ). The addition of malate to mitochondria oxidizing glycine under these conditions results in a final oxygen uptake rate that is nonadditive (i.e. less than the sum of the individual state 4 rates). More importantly, there is no apparent change in the rate of NH3 release from glycine oxidation. Similar results have been obtained previously at pH 7.2 in the presence of OAA scavenging systems (3, 7, 9) . This demonstrates that the malate-dependent increase in NH3 release observed at pH 7.8 ( Fig. 1) is not due to direct effect of malate on glycine decarboxylase, but to a specific product of malate metabolism viz. OAA, at the more alkaline pH.
OAA-supported glycine oxidation has been demonstrated many times with isolated leaf mitochondria (3, 5, 13, 16, 26) . Indeed, a number of reports have demonstrated that OAAsupported rates of glycine oxidation are significantly higher than state 3 oxidation rates of glycine oxidation via the respiratory chain (3, 16) . However, in each of these cases OAA was supplied externally, whereas under our experimental conditions OAA is being generated within the mitochondrial matrix by malate oxidation. The clear implication of our results is that in the presence of glycine, MDH within the same mitochondrial compartment (Fig. 3A) appears to be operating in both directions simultaneously.
Alternatively, it may indicate the presence of two distinct mitochondrial populations, with both containing MDH but only one containing the photorespiratory enzyme, glycine decarboxylase. If such was the case the problem of MDH operating in opposite directions is removed, because OAA produced by malate oxidation in the 'nonphotorespiratory' mitochondria could move to the 'photorespiratory' mitochon- dria and be reduced to malate with NADH produced from glycine decarboxylase (Fig. 3B) . Consequently, the enhancement of the rates of 02 consumption and NH3 production, in the presence of both substrates at pH 7.8, should be inhibited by PTA, a specific inhibitor of OAA transport across the inner mitochondrial membrane (6) . PTA effectively inhibited OAA uptake into pea leaf mitochondria (Fig. 4A) at pH 7.8. (i.e. the second addition of OAA had no effect on oxygen uptake.) However, PTA had no effect on the synergistic interaction between malate and glycine oxidation. Indeed, the onset of respiratory stimulation following the addition of glycine to mitochondria oxidizing malate under state 4 conditions, was more rapid in the presence of PTA than in its absence (cf. Fig. 4, B (Fig. 4B ) and NADH fluorescence (Fig. 2) is due to the uptake and reduction of excess OAA which had accumulated in the external medium during previous malate oxidation. PTA was also found to have no effect on malate-stimulated NH3 release (Table II) , confirming that there was no requirement for OAA to cross mitochondrial membranes.
The potential recycling of OAA via glycine-dependent NADH production within the same mitochondrial compartment, was also investigated by examining the relative rates of OAA efflux from pea leaf mitochondria in the presence and absence of glycine. If OAA was moving between two distinct (20) . The addition of malate leads to the export of large amounts of OAA into the external medium as shown by the rapid rates of NADH oxidation. It should also be noted that the rates of OAA export observed under these conditions are significantly higher than those predicted on the basis of state 4 malate oxidation rates at this pH as shown in Table I (i.e. 130-140 versus 18 nmol OAA min-' mg-' protein). This illustrates the dramatic impact that an OAA scavenging system in the external medium has on the rate of OAA efflux from the mitochondrial matrix and suggests that the operation of the OAA carrier, in the efflux direction, is highly regulated by the extramitochondrial concentration of OAA. The addition of glycine to a population of pea leaf mitochondria producing and excreting OAA led to a significant reduction in the appearance of OAA in the external medium. A similar degree of inhibition was obtained on addition of PTA. This demonstrates that glycine oxidation, like PTA, was acting to inhibit OAA efflux. These results support the hypothesis that, under the conditions employed, glycine oxidation effectively recycles OAA produced within the same mitochondrion (see Fig. 3 ) and not OAA produced in a different mitochondrial population and transferred between the two.
CONCLUSIONS
The results presented in this paper provide direct evidence for a mitochondrial-matrix-enzyme activity being subjected to different reactant concentrations in different locations within the matrix. As a consequence of this, the direction of net flux of enzyme activity in one location of the matrix is opposite to that in another location. We believe this to be the first ever report of such enzyme behavior within a subcellular compartment. As mentioned in the introduction, such a result cannot be accommodated by a model of a homogeneous enzyme distribution throughout the mitochondrial matrix, but rather suggests the existence of metabolic domains containing different complements of mitochondrial enzymes.
The differential distribution of glycine decarboxylase and malate oxidizing enzymes in pea leaf mitochondria was originally proposed by Dry and Wiskich (10) (3, 5, 16, 19, 26) . This suggests that state 3 glycine oxidation is limited by the NADH reoxidation capacity of the respiratory chain. However, in these same mitochondrial preparations it could be shown that the state 3 rate of 02 uptake in the presence of glycine could be markedly increased by the addition of a second NAD-linked substrate such as malate (3, 5) . Thus, these data also support the hypothesis that the malate-oxidizing enzymes in leaf mitochondria have The concept of spatial organization of enzymes within the mitochondrial matrix is already well established for animal mitochondria (2, 14, 21, 23) . By the use of gentle disruption techniques, Robinson and Srere (21) have been able to demonstrate that TCA cycle enzymes are not randomly distributed within the matrix but are probably organized into a functional complex of enzymes (a metabolon) associated with the inner surface of the inner mitochondrial membrane. We believe a similar organizational structure may exist within plant mitochondria, involving the TCA cycle enzymes on the one hand and a kinetically separate metabolon involving glycine decarboxylase and malate dehydrogenase, as shown in Figure 3 .
It should be noted that the bulk of the experiments described in this report were carried out under conditions specifically designed to produce a large excess of OAA and, in so doing, clearly demonstrate the simultaneous production and recycling of this metabolite within the same mitochondrial compartment. Under normal in vivo conditions, however, OAA production via the TCA cycle would be highly regulated in line with the supply of acetyl-CoA and it is unlikely that any internal recycling of OAA generated by the TCA cycle would occur during photorespiratory glycine oxidation.
In general, the implications of the model of enzyme organization shown in Figure 3 for leaf mitochondrial metabolism in vivo are two-fold. First, the limited distribution of glycine decarboxylase will ensure that TCA cycle activity can be maintained in the light, even in the presence of a large photorespiratory flux. Second, and perhaps most significantly, the proposed organizational structure would allow excess reducing equivalents generated during photorespiratory glycine oxidation to be exported to the peroxisome via a reversal of MDH as part of an OAA/malate shuttle, while allowing the TCA cycle to continue to operate within the same mitochondrial compartment (Fig. 3) .
